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a b s t r a c t 
Electron beam (EB) welding has a low tolerance to inter-part gapping distortion and can generate complicated 
stresses, which pose challenges to weld quality and integrity. This study investigates welding distortion and 
stresses in an EB welded plate made from SA508 Grade 4N low-alloy steel. A thermal-metallurgical-mechanical 
model was developed to predict the temperature, micro-constituents, hardness, distortion and stresses in the EB 
weldment; the predictions are in good agreement with experimental results. Different restraint conditions on the 
weld plane were modelled to examine their effects on distortion and stresses. If welding is performed with no 
restraint, inter-part gapping develops ahead of the beam position that could exceed the tolerance for a sound 
weld. In contrast, tack welds at the plate ends significantly reduce this gapping, but induce additional tensile 
stress at the stop-end tack weld. This stress is particularly high as the beam approaches the tack weld. Increasing 
the extent of the tack weld reduces the tensile stress, while increasing number of distantly distributed narrow tack 
welds does not help. A full through-length restraint eliminates the opening gap and minimises the development 
of tensile stresses ahead of the beam that could potentially break the restraint. The applied restraint on the weld 
plane has little effect on the final residual stress field, since this field mostly develops during cooling after the 
EB weld is complete. The weld-induced martensitic transformation suppressed tension or promoted compression 
in the EB weld and heat affected zone (HAZ). A steep gradient of residual stress exists, with high tensile stress 





































Electron beam (EB) welding is an advanced joining technique hav-
ng many advantages over traditional arc welding processes, and it has
een increasingly used in energy, automotive, electronics, aerospace and
ther key industries [ 1 , 2 ]. This technique can generate power densi-
ies up to 10 12 W/m 2 [1] , thereby enabling high-speed joining of thick-
ection components (with thickness up to 250 mm for steel [1] ) using a
ingle autogenous weld pass. This unique feature means that EB welding
an substantially improve productivity and reduce distortion of thick-
ection weldments, such as those found in nuclear power plants [2–4] .
owever, EB welding still faces a number of challenges regarding the
equirements of specific applications. 
Primary circuit components such as the reactor pressure vessel are
oth safety-critical and high-value items in nuclear power plants. They
re usually made of low-alloy steels, such as SA508 Grade 3 and Grade∗ Corresponding author. 
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elding processes, although power beam welding has been also evalu-
ted for potential applications in new nuclear manufacturing [5–7] . The
se of EB welding in the manufacture of primary circuit components re-
uires a thorough understanding of weldment characteristics. 
Low-alloy pressure vessel steels exhibit solid state phase transforma-
ion (SSPT) during weld-induced thermal cycles. The SSPT complicates
he weld microstructures and introduces metallurgical deformation in
he fusion zone (FZ) and heat affected zone (HAZ). Desirable microstruc-
ures that determine mechanical properties can be obtained through op-
imising EB welding process [ 8 , 9 ] and post-weld heat treatment [10] .
hese methods require understanding of the relations between thermal
ycles, SSPT, microstructures and mechanical properties. Obasi et al.
11] investigated the complex SSPT behaviour of SA508 Grade 3 steel
uring weld-like thermal cycles using dilatometry testing and a model
or SSPT, and confirmed that both prior-austenite grain size (PAGS) andsun@cranfield.ac.uk (Y.L. Sun). 
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Table 1 
Chemical composition (in wt.%) of SA508 Grade 4N steel. 
C Si Mn Ni Cr Mo V Al Cu Ti P Fe 












































































































𝑞  ooling rate affected the dilatation evolution and final microstructures.
ang et al. [12] demonstrated the effects of quenched microstructures
n the impact toughness and temper embrittlement of SA508 Grade 4N
teel. They found that the differences in fine blocks, high angle grain
oundaries and sulphur segregation determine the effects. Further in-
ights need to be gained for EB weldments, which involve heterogeneous
emperatures and cooling rates due to the intense local heating induced
y the EB [ 13 , 14 ]. 
It is well known that EB welding generates little distortion [ 1 , 2 ]. The
oot cause of this benefit is the extremely localised heat input realised
y the highly penetrating EB. However, the focused power beam implies
ight tolerance of the gap between opposing faces that are to be joined (a
ap above 0.1 mm may not be tolerated for EB welding [1] ). This tight
olerance not only requires flat surfaces to work on but also sufficient
estraint to ensure that no dangerous opening gap is generated ahead
f the moving beam during welding. Tack welds on the EB weld centre
lane, i.e., central restraints, are convenient to implement and they are
ommonly used to prevent part separation, but the rationale behind the
esign of tack welds has been rarely examined, resulting in a black art
otentially facing challenges in different engineering scenarios. In par-
icular, the stresses experienced by the tack welds during EB welding are
till poorly understood, although the integrity of tack welds is critical
o the success of EB welding. Furthermore, it is still unclear about the
ffects of the tack welds on residual stresses in EB weldments. 
Residual stresses are self-equilibrating stresses due to deformation
ismatch [15] . They can be either detrimental or beneficial, depending
n the ways they interact with applied load [16–18] and the roles that
hey play in material degradation [ 19 , 20 ]. Determination of residual
tresses is important for assessment of the integrity of welded structures
21] . Recent experimental measurements show that the distributions of
esidual stresses in EB weldments made of SA508 Grade 3 steel are dis-
inct, compared to arc and laser weldments [22–24] . Weld modelling
as proven valuable for understanding residual stresses in SA508 Grade
 steel EB weldments [25] . Modelling is also necessary to rationalise
nd inform the design of EB welding process which currently largely
elies on experimental trial-and-error. As the SSPT can significantly af-
ect the material properties and residual stresses in weldments [25–32] ,
he analysis of EB welding in low-alloy steels subject to SSPT entails a
ultiphysics modelling approach. 
This study is aimed to investigate the distortion and stress in a
A508 Grade 4N steel EB weld plate, using a thermal-metallurgical-
echanical model validated by experiments. The EB weld model de-
eloped here provides comprehensive information about temperature,
icro-constituents, hardness, distortion, and in-process stresses and fi-
al residual stresses. In particular, different restraint conditions on the
eld plane are considered in the weld model, enabling a thorough anal-
sis of the impact of restraint (e.g. tack welds) on EB weld distortion
nd stresses. This paper is laid out as follows. In Section 2 , the material
nd methods of experiments and modelling are described. In Section 3 ,
he modelling and experimental results are presented. Section 4 is de-
oted to discussion about the distortion and stresses in the EB weldment.
oncluding remarks are made in Section 5 . 
. Material and methods 
.1. EB welding in SA508 Grade 4N steel plate 
SA508 Grade 4N steel, a candidate material for pressure vessels of
dvanced reactors, was used for preparation of EB welded plates. The2 hemical composition of the SA508 Grade 4N steel is shown in Table 1 .
B welding was performed to manufacture the SA508 Grade 4N steel
lates with dimensions of 300 × 170 × 30 mm, using a Pro-beam® K25
B facility located at the Nuclear Advanced Manufacturing Research
entre, UK. The EB welding parameters are listed in Table 2 . Four nom-
nally identical plates were welded using identical EB welding parame-
ers, so as to facilitate experimental characterisation by different means.
ll the prepared plates were instrumented with K-type thermocouples
n the surfaces at weld mid-length to record transient temperatures cor-
esponding to steady-state welding conditions. 
.2. Modelling 
.2.1. Overview of EB weld model 
A 3D sequentially coupled thermal-metallurgical-mechanical model
as developed to simulate EB welding of the SA508 Grade 4N steel
late. Fig. 1 shows the dimensions and the finite element (FE) mesh
f the weld model developed using the general purpose FE software
baqus, as well as the thermocouple locations for the four nominally
dentical plates welded in the experiment. It should be mentioned that
he measured distances from the thermocouples to weld centre plane
re slightly different between the four plates. A half plate was mod-
lled due to symmetry. Gravity and molten metal flow were not con-
idered in the model, while the weld molten pool was simplified as an
rbitrarily defined soft material, a common practice in weld modelling
33] . It was assumed that in the model the EB penetrated through the
late from top to bottom ( Fig. 1 ). The FE model consisted of 28,256
uadratic heat transfer brick elements (Abaqus designation DC3D20)
nd 28,256 linear reduced-integration brick elements (Abaqus designa-
ion C3D8R), for the thermal-metallurgical and mechanical analyses,
espectively. The coordinates of the elements were the same between
he thermal-metallurgical and mechanical models. The use of linear ele-
ents in the mechanical model dramatically reduced the computational
ime and meanwhile provided satisfactory numerical precision for 3D
echanical analysis [34] . 
All material properties required for thermal analysis were obtained
rom ASME 2017, Section II (Materials), Part D (Properties), while the
etallurgical properties were obtained through dilatometry tests on the
A508 Grade 4N steel ( Section 2.2.3 ). The temperature-dependent me-
hanical properties of the SA508 Grade 4N steel were derived from pre-
ious tensile test data supplied by Wood plc ( Section 2.2.4 ). For the
oordinate system used, the X (1), Y (2) and Z (3) directions correspond
o the transverse, normal and longitudinal directions of the plate, re-
pectively, as shown in Fig. 1 . It should be mentioned that in following
ections the stress unit is MPa and the weld refers to the EB weld, unless
therwise stated. 
.2.2. Thermal model 
A bespoke weld modelling tool, FEAT-WMT [36] , was used to cal-
brate the idealised heat source for the thermal model. A double-
llipsoidal conical idealisation of the input power distribution was
dopted ( Fig. 1 ). This has proven effective to capture the heat flux asso-
iated with the keyhole mode of EB welding [35] . The volumetric power
ensity is defined as: 
 = 
⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
𝑞 fe if 𝑦 − 𝑦 c < 0 , 𝑧 > 𝑧 c 
𝑞 re if 𝑦 − 𝑦 c < 0 , 𝑧 ≤ 𝑧 c 
𝑞 fc if 0 ≤ 𝑦 − 𝑦 c < ℎ c , 𝑧 > 𝑧 c 
𝑞 rc if 0 ≤ 𝑦 − 𝑦 c < ℎ c , 𝑧 ≤ 𝑧 c 
(1)
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Table 2 
Parameters of EB welding in horizontal position (2G position). 
Voltage (kV) Current (mA) Speed (mm/s) Circular figure amplitude (mm) Frequency (Hz) 
80 350 8.3 X: 2; Y: 2 222 
Fig. 1. Geometry and mesh of FE model for EB welding. Only half plate is considered due to symmetry. The upper left inset shows the photograph of a welded plate 
and the lower left inset shows the schematic of double-ellipsoidal conical heat source [35] . The lower right inset shows the details of the FE mesh on the mid-length 
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n the above equations, q is the power per unit volume and Q is the
otal power input; e is Euler’s number; ( x c , y c , z c ) indicates the centre
f the double ellipsoidal heat source; a and b are the lateral and ver-
ical radii, respectively; c f and c r are the axial radii ahead of and be-
ind the beam, respectively; h c is the height of the conical source;
a = a − ( a − a i )( y − y c )/ h c , Γfc = c f − ( c f − c fi)( y − y c )/ h c and
rc = c r − ( c r − c ri )( y − y c )/ h c where a i , c fi and c ri are user defined
arameters; the R fe , R re , R fc , R rc , D f and D r are all functions of a, b, c f ,
 r , a i , c fi and c ri , see detailed expressions in Ref. [35] ; and N int is an in-
egral over the total volume of material, as used to ensure that the total
ower input is equal to Q . 
The idealised heat source was calibrated using FEAT-WMT and then
mported into the Abaqus thermal model to predict the temperature
eld in the plate. User-defined Abaqus subroutines UEXTERNALDB and
FLUX were employed for thermal analysis. Only radiation heat loss3 as considered during welding, as it was performed in a vacuum cham-
er, while both radiation and convection heat loss was considered when
he welded plate was exposed to air for cooling to room temperature.
he predicted transient temperature field was used for subsequent met-
llurgical analysis. 
.2.3. Metallurgical model 
In the EB weld model, SSPT and austenite grain growth were mod-
lled using a semi-empirical approach implemented in Abaqus subrou-
ine UVARM, which has been elaborated in Refs. [ 26 , 37 ]. It should be
oted that chemical dilution and in-process tempering [38–40] is irrel-
vant here, since EB welding is a single-pass autogenous process. For
revity, only key information is provided here and more details can be
eferred to Refs. [ 26 , 37 ]. 
In the HAZ, austenitisation kinetics is captured using the Leblond-
evaux model [41] , viz. 
̇  = 
𝑥 eq − 𝑥 
𝜏LD 
(6) 
here x eq and 𝜏LD are temperature-dependent parameters, indicating
n equilibrium fraction of austenite and an empirical retardation factor
42] , respectively. Table 3 shows the parameters adopted in the model.
he characteristic temperatures of 760 °C and 815 °C were obtained
rom dilatometry tests, as described later. In the FZ, 100% austenite is
resumed to form as soon as the temperature drops below the melting
oint. 
The austenite grain growth kinetics incorporated in the EB weld
odel is only capable of capturing the growth of equiaxed austenite
n the HAZ. The size of austenite grains in the FZ was approximated to
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Table 3 
Parameters used in the austenitisa- 
tion kinetics model. 
Temperature (°C) x eq 𝜏LD (s) 
< 760 0 1 
760 0 1 
815 1 0.2 
> 815 1 0.05 
Note: Linear interpolation is used 


































































































































here L is austenite grain size, L lim is the maximum grain size attainable
t a temperature below a grain coarsening temperature T c [43] , Q is the
ctivation energy of grain growth, R is the universal gas constant, T is
bsolute temperature and C is a material constant. When the tempera-
ure exceeds T c (taken to be 1020 °C [38] ), the term 1/ L lim vanishes.
he values of the parameters in Eq. (7) were all taken from Ref. [38] . 
Austenite decomposition upon cooling is captured using a reac-
ion kinetics model originally proposed by Kirkaldy and Venugopalan
44] and later refined by Li et al. [37] . In this SSPT model, the time
equired to form a fraction X of an isothermal transformation product
e.g. ferrite, pearlite and bainite) at a temperature T (in K) is expressed
s 
( 𝑋, 𝑇 ) = 𝐹 ( C , Mn , Si , Ni , Cr, Mo , 𝐺) 
Δ𝑇 𝑛 exp (− 𝑄 ∕ 𝑅𝑇 ) 
𝑆( 𝑋) (8)
here F is a function of chemical composition (i.e. weight percentages of
, Mn, Si, Ni, Cr and Mo) and ASTM grain size number ( G ), and F differs
etween ferrite, pearlite and bainite transformations; S ( X ) is a function
xhibiting a sigmoidal shape; ΔT is undercooling; Q is activation energy;
 is the universal gas constant; and n is an empirical exponent. The spe-
ific forms of F and S , and the values of all the parameters in Eq. (8) , can
e found in Refs. [ 26 , 37 ]. The Ae 3 , Ae 1 and B s temperatures, which in-
icate the start of the transformations of ferrite, pearlite and bainite, are
stimated using empirical equations in terms of chemical composition
 26 , 37 ]. The anisothermal transformation kinetics were captured using
n additivity rule [26] based on the isothermal kinetics model shown in
q. (8) . 
The modelling of martensitic transformation employs the Koistinen-
arburger equation [45] and the martensite fraction is given by 
 = 𝑋 RA {1 − exp 
[
− 𝐴 ( 𝑀 s − 𝑇 ) 
]
} (9)
here X RA is the fraction of austenite available for martensitic trans-
ormation, M s is the martensite start temperature and A is a material
arameter (A = 0.035 K -1 for SA508 steel [46] ). M s is estimated based
n the chemical composition [ 26 , 37 ]. 
To verify the efficacy and accuracy of the SSPT model, free dilatom-
try tests were conducted on the SA508 Grade 4N steel. Two peak tem-
eratures, i.e. 900 °C and 1200 °C, were chosen to represent fine-grained
AZ (FGHAZ) and coarse-grained HAZ (CGHAZ) samples, respectively.
he measurement method and experimental procedures were the same
s detailed in Ref. [11] . Fig. 2 a compares the predicted and measured
ontinuous cooling transformation (CCT) start temperatures. The overall
greement is good, although some details differ. In particular, the model
redicted mixed micro-constituents at cooling rates lower than 20 °C/s,
hile multiple phases, if any, could not be conclusively distinguished
rom the dilatometry data. Fig. 2 b and 2 c shows the predicted and mea-
ured dilatation curves at cooling rates typical for a welding process
 38 , 40 ]. The agreement is good in terms of the overall trend, despite
 discrepancy in strain at the final state. Marked residual compressive
trains were observed in the measurements, which could be attributed4 o retained austenite and/or micro-plasticity. Although retained austen-
te up to 6% has been identified in as-quenched Grade 4N steel [47] , its
raction is too low to cause such an amount of residual strain. Since the
ilatometry samples were free from mechanical loading except a negli-
ible force for sample holding, the potential micro-plasticity is unlikely
o be driven by external load but might arise from transformation plas-
icity driven by back stress, which is dependent on material history [48] .
y contrast, the model did not predict any retained austenite or plastic
eformation (no transformation plasticity was predicted, as no external
oad was applied and no back stress was considered in the model). Nev-
rtheless, the agreement between the predictions and measurements is
eemed overall satisfactory, confirming the efficacy and accuracy of the
SPT model adopted for the EB welding in the SA508 Grade 4N steel. 
.2.4. Mechanical model 
In the mechanical model, three different restraint conditions were
pplied on the weld centre plane to take account of symmetry and to
revent rigid body motion of the weldment. These are referred to as full
estraint, no restraint and tack-weld restraint, as shown in Fig. 3 . In the
rst case, i.e., full restraint ( Fig. 3 a), out-of-plane displacement was di-
ectly set to be zero over the entire symmetry plane. This assumption
reats the two half-plates in the real weldment as a single monolithic
late. In the second case, i.e., no restraint ( Fig. 3 b), the two half-plates
ere allowed to separate, but not to interpenetrate, on the symmetry
lane, using the cohesive elements described in next paragraph. For
ack-weld restraint, two regions (4 × 30 mm for each) at the two ends
f the plate were restrained from out-of-plane displacement, as shown
n Fig. 3 c, mimicking the two tack welds in the real welding experiment
 Fig. 3 d), while the rest of the weld centre plane was allowed to sep-
rate, but not to interpenetrate. The mechanical properties of the tack
eld were presumed to be the same as those of the base material. The
ack welding process was not modelled, so no residual stresses, distor-
ions or microstructural changes were associated with the tack welds. 
Cohesive elements (Abaqus designation COH3D8) were used to cap-
ure the restraint conditions shown in Fig. 3 b and 3 c. An additional thin
ayer (0.1 mm thick) of cohesive elements was added, with one side at-
ached to the weld centre plane and the other side fixed. Out-of-plane
otion of the weld centre plane nodes was controlled via changing the
ut-of-plane stiffness of the cohesive elements, while the in-plane stiff-
ess of the cohesive elements was assumed low enough to allow in-
lane nodal motion throughout the EB welding. In the restrained con-
ition, the out-of-plane stiffness was set high enough to prevent motion
n either out-of-plane direction. In the unrestrained condition, separa-
ion (gapping) of the two plate halves was allowed by assigning a low
tiffness for motion in this direction, while interpenetration was pre-
ented by retaining a high stiffness for motion in the opposite direction.
etween the restrained and unrestrained regions, a transition in stiff-
ess exists within one cohesive element (approximately 4 mm long). To
imulate the progressive establishment of restraint behind the electron
eam, restraint was imposed on the weld centre plane immediately after
he heat source had passed the relevant cohesive elements. It should be
entioned that the rise in the out-of-plane stiffness of cohesive elements
ccurs at high temperature as the heat source passed the element. The
ise in the out-of-plane stiffness can cause a drastic reduction in elastic
eformation of the cohesive elements, which had undergone separation
efore the heat source passed. This can be accommodated by the plastic
eformation of the molten material which is set to be very soft at high
emperature. 
Plastic deformation of the SA508 Grade 4N steel and its transfor-
ation products was modelled using a Lemaitre-Chaboche hardening
odel. This model incorporates both the Bauschinger effect, where the
ield strength in a given loading direction is reduced by prior plastic
ow in the opposite direction, and cyclic hardening. Both these phe-
omena are important in welding, where the thermomechanical load-
ng is cyclic, with compressive plastic flow in the heating phase and
ensile plastic flow during the cooling phase. Previous studies show that
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Fig. 2. Comparison of measured and predicted metallurgical properties of SA508 Grade 4N steel: (a) continuous cooling transformation diagram (A e3 temperature 
in the plot was determined using Thermo-Calc software); (b) dilatation curves at a cooling rate of 10 °C/s; (c) dilatation curves at a cooling rate of 100 °C/s. Note 






































he magnitude of cyclic isotropic hardening in SA508 steel is normally
nsignificant [50] , so only the Bauschinger effect need be considered,
articularly in a single pass weld. This study follows Ref. [26] in employ-
ng non-linear kinematic hardening. In the Lemaitre-Chaboche model,
ultiple kinematic hardening components or back stresses can be su-
erposed. It was found that the use of a single back stress was sufficient
o accurately fit the available tensile stress-strain test data [51] . Hence,
he following kinematic hardening equation was used 
̇ = 𝐶 1 
𝜎0 
( 𝝈 − 𝜶) ̇𝜀 𝑝𝑙 − 𝛾𝜶?̇? 𝑝𝑙 (10)
here ?̇? is the back stress rate, 
⋅
𝜀 𝑝𝑙 is the equivalent plastic strain rate,
0 is the size of the yield surface, and C and 𝛾 are material parameters.
emaitre-Chaboche model parameters may be fitted to data from either
onotonic tensile tests or isothermal cyclic tests (for example, see Refs.
 52 , 53 ]). In this case, only monotonic test data were available. Table 4
hows the plasticity parameters derived from these data. It should be
oted that, for the transformation products (e.g. austenite, martensite
nd bainite), the parameter 𝜎0 was scaled according to the hardness
atios between the SA508 Grade 4N steel and its transformation prod-
cts, while other hardening parameters were kept the same. The plastic
roperties of different micro-constituents are controlled by field vari-5 bles which are updated in Abaqus subroutine USDFLD, in accordance
ith the SSPT model. 
The thermal expansion coefficients for individual ferritic and
ustenitic phases were derived from the dilatometry tests ( Fig. 2 b and
 c) through linear fitting of the heating and cooling portions of the
easured dilatation curves, respectively, which are 13.7 × 10 -6 /°C
nd 23.6 × 10 -6 /°C for the ferritic and austenitic phases, respectively.
he thermal-metallurgical volumetric deformation due to weld-induced
hermal cycles was determined using a rule-of-mixtures based on the de-
oupled dilatation curves ( Fig. 2 b and 2 c), and the numerical algorithm
26] was implemented in Abaqus subroutine UEXPAN. Transformation-
nduced plasticity (TIP) was also considered, following Leblond et al.






𝐾 𝑠 𝑖𝑗 𝑓 
′( 𝑧 ) ̇𝑧 (11)
here ?̇? is the rate of phase transformation, f ( z ) is a normalised function,
 ij is the deviatoric stress, and K is a material constant. For SA508 steel,
e have f ( z ) = z (2 − z ) and K = 10 -4 MPa -1 [54] . 
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Fig. 3. Illustration of the boundary condition on the EB weld centre plane: (a) traditional symmetry condition, i.e. no out-of-plane displacement (full restraint); (b) 
out-of-plane displacement is allowed only for separation before heat source passes (this is denoted as no restraint), but not allowed afterwards; (c) is identical to (b) 
except the tack weld location where out-of-plane displacement is not allowed, i.e. partial restraint. (d) shows the experimental configuration of two identical steel 
parts that were tack-welded at the two ends of the plate before EB welding [49] . 
Table 4 
Fitting parameters in Lemaitre-Chaboche model for SA508 Grade 4N steel. 
Temperature (°C) 
21 100 200 300 400 500 600 700 
𝜎0 (MPa) 754 711 669 658 612 524 412 162 
C (MPa) 3902 3600 3720 3820 5614 11492 259 4600 











































s  .3. Characterisation and measurements 
A 5-mm thick transverse slice was extracted from the mid-length sec-
ion of the welded plate and used for microscopic characterisation and
ardness measurement. The sample for scanning electron microscope
SEM) characterisation was prepared following standard grinding and
olishing methods and etched in 2% Nital. An FEI Quanta 650 SEM op-
rating at an accelerating voltage of 20 kV and in a secondary-electron
maging mode was used to capture micrographs of FZ, CGHAZ and FG-
AZ. Hardness measurements were performed on the mid-length slice
sing a Durascan TM tester. A matrix of 2193 points was used with spa-
ial resolution of ~ 0.4 × 0.4 mm and a load of 0.3 kgf, producing maps
hich spanned the FZ, HAZ and base material at either side of the weld.
Weld residual stresses were measured on the KOWARI neutron beam-
ine at the Australian Nuclear Science and Technology Organisation
ANSTO). The measurements using {211} reflection were performed in
he mid-length plane and employed a gauge volume of 3 × 3 × 3 mm
or the longitudinal stress and of 3 × 3 × 10 mm for the normal and
ransverse stresses. The choice of 10 mm in the longitudinal direction
or some of the measurements was made to reduce measurement time,
hich can be justified by the approximately uniform distribution of
tresses along the longitudinal direction when the measurement loca-
ions are far from the plate ends. 6 . Results 
.1. Temperature 
Fig. 4 compares the predictions and measurements of temperature
volution at the thermocouple locations ( Fig. 1 ) on the plate surfaces.
t is evident that both the peak and transient profiles of the tempera-
ure histories have been captured by the weld model. Fig. 5 a and 5 b
how the observed metallurgical boundaries (i.e. FZ and HAZ bound-
ries) and predicted isothermal lines with regard to peak temperature,
espectively. The critical temperatures for melting and austenitisation
f the SA508 Grade 4N steel are 1450 o C and 760 °C, respectively,
hich were estimated by thermodynamic analysis using Thermo-Calc
oftware and measured through dilatometry tests, respectively. The pre-
icted isothermal lines for melting and austenitisation are consistent
ith the observed FZ and HAZ boundaries in the macrograph ( Fig. 5 a),
espectively. 
Since both the predicted evolution ( Fig. 4 ) and distribution ( Fig. 5 a,
) of temperature agree well with experimental results, it can be con-
luded that the idealised heat source and the thermal solution of the
eld model are sufficiently accurate for analyses of SSPT, stress and
istortion which are mainly determined by material behaviour in solid
tate, and such a verification of thermal model accuracy has been recom-
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Fig. 4. Comparison between predicted and measured temperature histories at the thermocouple locations (see Fig. 1 ) on top surface (a) and bottom surface (b) of 
the EB weld plate. 
Fig. 5. (a) Mid-length macrograph of the EB weld; (b) predicted distribution of peak temperature; (c) predicted distribution of cooling rate at 700 °C. Note that the 






























m  ended by R6 structural integrity assessment procedure [ 55 , 56 ]. How-
ver, for analyses of solidification process and structure, more accurate
hermal models such as those based on computational fluid dynamics are
eeded to realistically capture the temperature field in the weld pool.
ig. 5c shows the predicted cooling rates at 700 °C. In the FZ and HAZ,
he cooling rates fall in the range of 20–50°C/s. As expected, the cooling
ate drops with increasing distance from the weld centreline. In addition,
t is also evident that the weld root cools faster than the weld crown.
uch a difference in cooling rate may have significant implications in
he development of microstructures, as shown in Fig. 2 a. 
.2. Microstructure and hardness 
Fig. 6 shows the observed and predicted microstructures. Prior
ustenite grain boundaries are clearly seen in the SEM images, show-
ng columnar and equiaxed grains in the FZ ( Fig. 6 a) and HAZ ( Fig. 6 b7 nd 6 c), respectively. The linear-intercept PAGS estimated from a series
f micrographs falls in the range of 10–90 μm, similar to the range of
–70 μm predicted by the weld model. The SEM images show that a
icrostructure with fine laths is dominant in the FZ and HAZ ( Fig. 6 a-
). The predicted fractions of martensite and bainite ( Fig. 6 d) in the FZ
nd HAZ are consistent with these microscopic observations ( Fig. 6 a-c).
t should be mentioned that the untransformed base material (blue re-
ion outside HAZ, as shown in Fig. 6 d) was not characterised here and
reated as a predefined independent phase in the SSPT model. 
As microstructure determines mechanical properties, an empirical
orrelation between different micro-constituents and hardness has been
stablished [57] . In the weld model developed here, a rule-of-mixtures
s used to estimate the Vickers hardness based on the predicted frac-
ions of micro-constituents and their individual hardness [ 26 , 37 ]. Fig. 7
ompares the predicted and measured hardness distributions on the
id-length section of the EB welded plate. From the hardness contour
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Fig. 6. SEM images for microstructures in FZ (a), CGHAZ (b) and FGHAZ (c). The predicted distributions of martensite and bainite are shown in (d), wherein the 






























































aps, an overall good agreement between prediction and measurement
s clearly seen. The line profiles of measured hardness distributions in
he top, middle and bottom show that the hardness increases rapidly
cross the HAZ boundary and then reaches a plateau (~360 HV) with
ome fluctuation in the HAZ and FZ. The weld model correctly predicted
he hardness, despite relative smoothness in predicted distribution com-
ared to somewhat scatter in measurement data. The agreement be-
ween the prediction and measurement results of hardness verifies the
ood accuracy of the metallurgical prediction for microstructure. Mi-
rohardness values of 350 HV and above are expected to arise from a
redominantly martensitic structure, which is consistent with the results
hown in Fig. 6 . The heterogeneous hardness distribution also indicates
hat the yield strengths of the FZ and HAZ are significantly higher than
hat of the base material. 
.3. Distortion 
Fig. 8 shows the transverse displacement distributions on the top
urface of the plate at different stages of EB welding. When the weld
entre plane is not restrained, an opening gap is generated and its half
idth (only half plate is modelled) reaches 0.8 mm when the heat source
ust passes mid-length of the plate ( Fig. 8 a). The use of tack welds on
he two ends of the plate effectively reduces the transverse expansion
uring the welding, despite a small gap generated immediately ahead of
he heat source at the beginning of the welding, as shown in Fig. 8 b. For
ull restraint on the weld centre plane (see Fig. 3 a), no gap is generated
hroughout the welding process ( Fig. 8 c). In the final state after cooling
o room temperature, it is clearly seen that transverse shrinkage occurs
n the welded plate under tack-weld or full restraint, particularly in the
id-length section, as shown in Fig. 8 b and 8 c. By contrast, the model
ith no restraint predicts an increasing transverse expansion towards
he weld stop in the final state. It should be noted that there is a caveat8 n the above results, i.e., the weld model does not take into account
he potential loss of material in the weld, due to metal evaporation and
olten metal flow under the 2G welding position ( Figs. 1 and 3 d), which
re not uncommon for EB welding [1] . 
In the no restraint case, the development of gap is further examined
ia tracking the evolution of transverse displacement of FE nodes on the
eld centre plane, as shown in Fig. 9 . The largest transverse displace-
ent of 0.95 mm (i.e. a full gap width of 1.9 mm) occurs at the top of
he weld stop end, soon after the welding starts, and then the transverse
isplacement fluctuates about 0.8 mm during the welding and drops
o zero when welding completes. The difference in transverse displace-
ent between the top and bottom of the plate is within 0.1 mm, while
he transverse displacement at the mid-length location is approximately
alf that at the weld stop end. The gap that developed at the mid-length
ocation disappears when half weld is completed, due to the establish-
ent of restraint on separation by the EB weld itself. 
Fig. 10 shows another detailed comparison of distortion for both top
nd bottom surfaces on the mid-length section. It is evident that trans-
erse expansion during welding is promoted by no restraint, which also
argely reduces the transverse shrinkage and even causes transverse ex-
ansion in the final state. The transverse expansion during welding is
arginal for both tack-weld restraint and full restraint, for which the
ransverse shrinkage in the final state is pronounced. In general, tack-
eld restraint causes slightly more expansion and less shrinkage than
ull restraint. Within a distance of 10 mm from the weld centre, the
ransverse displacement quickly increases and then approximates con-
tant towards the lateral side of the plate, indicating the concentration of
eformation around the weld. The transverse displacement distributions
n the top and bottom surfaces are similar, despite some difference in
etails. The slight difference can be attributed to the wider FZ and HAZ
ear the top surface, in comparison with the bottom surface ( Fig. 5 a). 
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Fig. 7. Contour maps of measured (a) and predicted (b) Vickers hardness distributions on the mid-length section. Line profiles of the hardness distribution in the 
top, middle and bottom are also shown (modelling results are mirrored about the weld centreline). 
Fig. 8. Predicted transverse displacement distributions on the top surface of the plate in different stages of EB welding when no restraint (a), tack-weld restraint (b) 
or full restraint (c) was applied. Note that the displacement is scaled by a factor of 20 to facilitate visualisation. 
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Fig. 9. Evolution of transverse displacement of FE nodes at different positions 
on weld centre plane during welding in the no restraint case. 
Fig. 10. Line profiles of transverse displacement distribution on mid-length sec- 











































































c  .4. Stresses 
Fig. 11 shows the 3D distributions of predicted residual stresses in
he EB welded plate when full restraint on the weld centre plane was
pplied. Fig. 11 a shows the prediction for longitudinal residual stress.
he stress distribution is distinct, showing high compressive stresses,
ear the weld start and stop ends, between which the stress distribu-
ion is approximately uniform through the plate length. Fig. 11 b shows
he prediction for normal residual stress. Again, the stress is approxi-
ately uniformly distributed along the plate length, except at the weld10 nds where the stress magnitude is overall lower. For transverse resid-
al stress, as shown in Fig. 11 c, peak tensile stress is found at the cap
nd root of the weld, while peak compressive stress is concentrated out-
ide the weld, at the two ends and near the top and bottom surfaces.
verall, the magnitude of transverse stress is lowest compared to the
ongitudinal and normal stresses. 
The measured and predicted contour maps of longitudinal residual
tresses on the mid-length section are shown in Fig. 12 a and 12 b, respec-
ively. The revealed features of stress distribution are similar between
easurement and prediction, i.e., tensile stress with low magnitude (or
ompressive stress) is generated in the FZ and HAZ, while tensile stress
ith high magnitude is generated in the base material just outside the
AZ. It is clearly seen that there is a steep change of stress across the
AZ boundary towards the base material. 
The magnitude of the predicted stress is overall higher than that of
he measured stress. Considering the gauge volume used in the neutron
iffraction measurement ( Section 2.3 ), it is necessary to examine the ef-
ect of averaging on the determined stress. Fig. 12 c shows the predicted
tresses averaged over different gauge domains. It is evident that averag-
ng leads to significant reduction in the obtained peak stress, due to the
igh gradient of stress. Fig. 12 d shows the stress distributions in the top,
iddle and bottom. For consistency, the predicted stresses are averaged
ver a width of 3 mm (Section 2.3) in the mid-length plane and then
re compared with the measurement results. Overall the agreement is
ood, despite some discrepancy in peak stresses. Difficulty is anticipated
or neutron diffraction measurements to capture the peak stresses using
he aforementioned gauge volume [58] . In addition, the density of the
easurement points (grey cross marks in Fig. 12 a) was limited due to
he restriction of access time to neutron source, and consequently the
easurements might miss the locations of peak stresses. 
The distribution of normal stress on the mid-length section ( Fig. 13 a)
s similar to that for the longitudinal stress ( Fig. 12 b), despite difference
n the stress magnitude, i.e., the compressive stress is higher, but the ten-
ile stress is lower for the normal stress than for the longitudinal stress.
t appears that the predicted normal stresses along the middle-thickness
ine are least accurate, as compared to the neutron diffraction measure-
ents ( Fig. 13 b). In particular, the model predicted higher compressive
tress than the measurement. Moreover, the predicted tensile stresses
pan wider than the measured stresses. Nevertheless, the predictions for
tresses on the top and bottom agree well with the measurements. The
ransverse stress has lowest magnitude among the three stress compo-
ents ( Figs. 12 and 13 ) and the accuracy of the prediction is deemed
atisfactory, as shown in Fig. 13 c, given that neutron diffraction mea-
urement is susceptible to random errors for low stresses. 
Fig. 14 shows the comparison of predicted longitudinal residual
tresses between the three restraint conditions considered in the weld
odel. Negligible difference in stress distribution is observed for differ-
nt restraints, except some fine features in the contour maps ( Fig. 14 a-c)
nd line plots ( Fig. 14 d). Similar negligible difference was also found for
he predicted normal and transverse stresses (not shown here). However,
he difference in deformed configuration is notable, i.e., the absence of
estraint led to an underfill defect in the EB weld, as shown in Fig. 14 a,
hereas the full restraint and tack-weld restraint avoided such a defect
 Fig. 14 b and 14 c). 
For the tack-weld restraint, it is important to know the stresses that
re experienced by the tack weld during welding, since there is a risk in
reaking the tack weld if excessive tensile stress is present. The conse-
uence of the potential failure of the tack weld can lead to defects in the
B weld or even failure of the EB welding process due to its tight toler-
nce of gap [1] . Fig. 15 shows the transverse stress distribution on the
eld centre plane, focusing on the tack weld and its contiguous region
ear the EB weld stop end ( Fig. 3 c) where the transverse or out-of-plane
isplacement is restrained. It is clearly seen that tensile stress increases
hen the heat source approaches the tack weld ( Fig. 15 a-e) and the
eak tensile stress exceeds 800 MPa ( Fig. 15 e). Nevertheless, the con-
entration of tensile stress at the tack weld disappears when the EB weld
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Fig. 11. 3D distributions of longitudinal (a), normal (b) and transverse (c) residual stresses that were predicted when full restraint on the weld centre plane was 
applied ( Fig. 3 a). Note that the half volume near the weld start end is set as translucent to facilitate visualisation. In the contours, averaging elements output at nodes 
is performed only when relative difference is less than 75% (i.e., Avg: 75%). 
Table 5 
Peak transverse tensile stress (MPa) at/near weld stop end at each stage of EB welding. 
Welding stage 5/18 welded 9/18 welded 13/18 welded 17/18 welded 
Tack-weld restraint 102 378 704 827 







































t  s just completed throughout the plate length ( Fig. 15 f). It should be
oted that, although the cohesive elements representing the tack weld
re assumed elastic ( Section 2.2.4 ), the stress level is limited by the yield
tress of the base material that is bonded to the cohesive elements. The
ctual strength of the tack weld depends on the tack welding process
mployed. Also note that a width of 4 mm for tack weld was adopted
n the model. The actual size of the tack weld also depends on the tack
elding process employed. In an extreme case, if the tack weld pos-
esses higher strength than the base material and spans the whole EB
eld centre plane, it is equivalent to the modelled full restraint condi-
ion ( Fig. 3 a). Fig. 16 shows the transverse stress evolution for the full
estraint. It is found that the peak tensile stress at each stage of the weld-
ng is much lower for the full restraint ( Fig. 16 ) than for the tack-weld
estraint ( Fig. 15 ), as shown in Table 5 . 
. Discussion 
The 3D thermal-metallurgical-mechanical model provides compre-
ensive information about the temperature, micro-constituents, hard-
ess, distortion and stresses for the 30-mm thick SA508 Grade 4N steel
B weld plate. The modelling results are in good agreement with the ex-11 erimental results ( Figs. 2 , 4–7 , 12 and 13 ), demonstrating the achieved
ccuracy of the EB weld model. Although the thermal-metallurgical be-
aviour is not the focus of this study, accurate predictions of tempera-
ure and SSPT lay a firm basis for the subsequent mechanical analysis to
ain new insights into the development of distrotion and stress during
he EB welding. 
In recent years, EB welding has attracted increasing interest for ap-
lications in the nuclear energy industry [ 2 , 3 , 5 , 22 ], partly because it
an minimise the weld-induced distortion which is a critical issue fac-
ng large structure manufacture [ 1 , 59 ]. However, the low distortion
romised by EB welding is still subject to the condition that proper re-
traint must be applied. Our modelling results demonstrated that trans-
erse displacement up to 0.95 mm in the half plate, equivalent to a
.9 mm gap owing to symmetry, was generated during welding in the
A508 Grade 4N steel plate, when no restraint on the weld centre plane
as applied ( Fig. 8 and Fig. 9). The potential opening gap developed
uring EB welding can compromise the quality of the final weld and
ven can cause failure of the welding process. For instance, the opening
ap during the EB welding without restraint caused underfill defect in
he weld ( Fig. 14 a). Indeed, it was observed in experiments that under-
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Fig. 12. (a) Contour map of longitudinal residual stress on mid-length section, as measured by neutron diffraction method; (b) contour map of predicted longitudinal 
residual stress (the results are mirrored and the solid and dashed lines indicate the predicted FZ and HAZ boundaries, respectively); (c) effect of data averaging on 
predicted stress distribution along mid-thickness path; (d) comparison between line profiles of predicted and measured longitudinal residual stresses (averaged over 




















































n  ll and undercut developed near the stop end of an EB weld manufac-
ured in an 80 mm thick SA508 steel plate due to the breakage of the
ack-weld restraint at the EB weld stop end [51] . It is recognised that
B welding is sensitive to the gap along the beam travelling path and
 gap above 0.1 mm may not be tolerated [1] , although the tolerance
ould be relaxed if the beam is defocused or oscillated. However, the
utogenous nature of EB welding means that a gap ahead of the beam is
lways detrimental. EB welding cannot be stable with the presence of a
ap which disturbs the keyhole and requires additional material to fill
n. Fortunately, the opening gap can be largely mitigated when effective
estraint is placed on the weld centre plane ( Fig. 8 ), which, however, is
t the cost of restraint-induced stresses. 
When tack welds were added at the two ends of the plate to restrain
he closely facing parts from separation ( Fig. 3 c and 3 d), high out-of-
lane tensile stress over 800 MPa developed at the tack weld near the
B weld stop end ( Fig. 15 ). The modelling results show that the peak
f the tensile stress was reached when the beam moved close to the
ack weld ( Fig. 15 e), presumably because the restraint force is enhanced
ith reducing the distance between the tack weld and the EB, given that
imilar bending moment is needed to overcome the potential opening
ap. The attainment of peak tensile stress indicates the critical moment
hat the tack weld is susceptible to failure. The loss of restraint due to
he failure of tack weld will enable the inter-part gap development and
ence should be avoided. The model predicted much lower tensile stress
or the full restraint than for the tack-weld restraint ( Figs. 15 and 16 ,
able 5 ). 12 Additional simulations were conducted to examine the effects of the
umber and width of tack welds on the restraint-induced stresses, as
hown in Fig. 17 . It is interesting to see that the increase in the number
f tack welds is not effective to reduce the peak tensile stress ( Figs. 15 e
nd 17 a), whereas the increase in the width of tack welds can effec-
ively lower the tensile stress ( Figs. 15 e and 17 b). These results imply
hat the risk in losing restraint due to tensile-stress induced cracks can
e mitigated through optimising the configuration of the applied tack-
eld restraint. Hereby, a full restraint (or a continuous through-length
ack weld) along the welding path is preferential over the discretely dis-
ributed restraint of tack welds, and a wider tack weld at the EB weld
top end is preferential over increasing the number of narrow tack welds.
t should be noted that such a suggestion stands on the basis of restraint-
nduced stresses during welding, which are different from the final weld
esidual stresses. 
The weld model predicted that the restraint condition barely af-
ects the final residual stress state ( Fig. 14 ). Such insensitivity can be
ttributed to the fact that the residual stress is mainly determined by
he cooling process, before which the EB weld has been already man-
factured and consequently there is no substantial difference made by
he central restraint imposed before the welding. In contrast, the SSPT,
pecifically the martensitic transformation during cooling after EB weld-
ng ( Fig. 6 ), significantly affects residual stress [ 20 , 26 , 27 , 60–62 ]. 
Although the temperature is heterogeneously distributed in the EB
eldment ( Fig. 5 b), the micro-constituents are approximately homoge-
eous and appear to be overwhelmingly martensite in the FZ and HAZ
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Fig. 13. Predicted normal (a) and transverse (c) residual stress contours for mid-length section, when full restraint on the weld centre plane was applied in the 
modelling ( Fig. 3 a). The line profiles of the predicted and measured normal (b) and transverse (d) residual stresses (averaged over every 3 mm for predicted stresses) 










































c   Fig. 6 ). Such a microstructural feature results from the unique SSPT
ehaviour of the SA508 Grade 4N steel, which is prone to martensitic
ransformation at cooling rates typical for welding process ( > 10 °C/s)
 Fig. 2 ), in contrast to the complicated SSPT behaviour of SA508 Grade
 steel involving multiple micro-constituents [11] . The residual stresses
n the FZ and HAZ tend to be less tensile and more compressive ( Figs. 12
nd 13 ), as a result of the compensation for thermal shrinkage by the
artensitic transformation-induced expansion during cooling ( Fig. 2 b
nd 2 c). Similar SSPT effects on residual stress have been widely ob-
erved in steel weldments involving SSPT and detailed mechanisms have
een discussed in previous studies [ 20 , 26 , 27 , 60–62 ]. 
For structural integrity assessment, the sign, magnitude and distribu-
ion of weld residual stress all require careful consideration [ 55 , 63 , 64 ].
he peak tensile stress in the SA508 Grade 4N steel welded plate is lo-
ated immediately outside the HAZ ( Figs. 12 and 13 ), similar to the
bservations in a 30 mm thick SA508 Grade 3 steel EB weld plate [25] .
owever, unlike the SA508 Grade 3 steel weldment [25] , the high ten-
ile stress in the SA508 Grade 4N steel weldment is distributed in a
arrow region within the base material and a steep stress gradient ex-
sts ( Figs. 12 and 13 ). Such unique features of residual stress distribu-
ion can be attributed to the higher yield strength possessed by SA50813 rade 4N steel compared to SA508 Grade 3 steel. Unfortunately, these
eatures pose a challenge for measuring the peak tensile stress by the
eutron diffraction method, which effectively averages stresses within
 gauge domain ( Section 2.3 ). The stress averaging markedly affects the
btained peak stress ( Fig. 12 c). 
Despite the approximate parameters for A508 Class 3 steel TIP
54] adopted in the weld model for the SA508 Grade 4N steel ( Eq. 11 ),
he accuracy of the predictions for weld residual stresses is overall good
 Figs. 12 and 13 ). However, the compressive stress in the middle region
f the FZ was overestimated by the weld model ( Figs. 12 and 13 ). As
he TIP can reduce the compressive stress in the FZ of an SA508 steel
B weld [25] , it is surmised that the overestimation of the compressive
tress in the FZ is likely due to the underestimation of TIP deformation.
n the present dilatometry tests ( Fig. 2 ), the samples were subjected to
hermal cycles without applied load. However, the measured dilatation
urves were not closed after cooling and considerable residual compres-
ive strain was observed ( Fig. 2 b and 2 c); in other words, the net ex-
ansion due to austenite-to-martensite transformation was larger in the
odel than in the experiment ( Fig. 2 b and 2 c). The unusual residual
ompressive strain after returning to original temperature may involve
omplicated effects of back stress on TIP (e.g. nonuniform microscopic
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Fig. 14. Comparison between predicted longitudinal residual stress distributions on mid-length section for different restraint conditions on the weld centre plane: 
(a) no restraint; (b) tack-weld restraint; (c) full restraint. The line profiles of stress distributions along the mid-thickness path are shown in (d). In the contours, 
averaging elements output at nodes is performed only when relative difference is less than 75% (i.e., Avg: 75%). 
Fig. 15. Predicted evolution of the transverse stress near/within the tack weld located at the stop end of the EB weld under tack-weld restraint ( Fig. 3 c), when heat 
source travelled over: (a) 1/18 length; (b) 5/18 length; (c) 9/18 length; (d) 13/18 length; (e) 17/18 length; (f) full length (just completion of welding before cooling). 
In the contours, averaging elements output at nodes is performed only when relative difference is less than 75% (i.e., Avg: 75%). 
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Fig. 16. Predicted evolution of the transverse stress near the stop end of the EB weld under full restraint ( Fig. 3 a), when heat source travelled over: (a) 1/18 length; 
(b) 5/18 length; (c) 9/18 length; (d) 13/18 length; (e) 17/18 length; (f) full length (just completion of welding before cooling). In the contours, averaging elements 
output at nodes is performed only when relative difference is less than 75% (i.e., Avg: 75%). 
Fig. 17. Predicted evolution of the transverse stress of the EB weldment under different restraint conditions at the weld stop end: (a) two narrow tack welds; (b) 





















ransformation plasticity) that can occur even without applied load [48] .
uture work may be devoted to improving the prediction accuracy for
esidual stresses using a more sophisticated TIP model that is capable
f capturing the effects of back stress associated with material history.
urthermore, additional dilatometry tests on loaded samples for the spe-
ific SA508 Grade 4N steel are also needed to support the development
f the new constitutive model. 
. Concluding remarks 
Electron beam welding in SA508 Grade 4N steel has been mod-
lled for a 30 mm thick plate. The predictions for temperature, micro-15 onstituents, hardness and residual stresses are in good agreement with
xperimental measurements. The validated EB weld model was further
sed to examine the effects of welding restraint conditions on weld-
nduced distortion and stresses. Main conclusions are drawn as follows:
• A marked gap develops ahead of the heat source during EB weld-
ing without restraint, accompanied by the transverse expansion of
the plate and potential defects such as underfill. The opening gap is
mitigated by tack-weld restraint at the weld plate ends and is elimi-
nated by full restraint on the weld centre plane. The end tack-weld
restraint leads to slightly more transient expansion and less final
shrinkage than full restraint. 















































































































• High tensile stress is generated at the tack weld when the heat source
approaches the EB weld stop end, potentially causing failure of the
tack weld. Increasing the width of the tack weld can effectively re-
duce the tensile stress, while increasing the number of narrow tack
welds hardly affects the peak tensile stress. Full restraint (equivalent
to a continuous tack weld throughout the welding path) reduces the
restraint-induced tensile stress and thereby lowers the risk in loss of
restraint and the consequent welding defects. 
• Martensite is a dominant transformation product in the FZ and HAZ,
giving rise to elevated hardness which is approximately uniformly
distributed in the FZ and HAZ. The martensitic transformation has
significant implications for the sign and distribution of EB weld resid-
ual stresses. 
• The most prominent feature of the residual stress distribution is that
high tensile stress is located in a narrow region immediately out-
side the HAZ and there is a sharp increase in tensile stress across the
HAZ boundary towards the base material. The residual stresses in the
FZ and HAZ tend to be less tensile and more compressive, as a re-
sult of the effect of martensitic transformation. The applied restraint
condition on the weld centre plane has little effect on the predicted
residual stresses, since the final stress state is mainly determined by
the cooling process before which the EB weld has been already man-
ufactured to restrain the opposing parts from separation. 
RediT authorship contribution statement 
Y.L. Sun: Conceptualization, Methodology, Software, Formal anal-
sis, Investigation, Writing - Original Draft, Visualization. A.N.
asileiou: Validation, Investigation, Data Curation, Visualization,
roject administration. E.J. Pickering: Validation, Investigation, Re-
ources, Writing - Review & Editing. J. Collins: Validation, Investiga-
ion. G. Obasi: Investigation, Visualization. V. Akrivos: Investigation.
.C. Smith: Conceptualization, Resources, Writing - Review & Editing,
upervision, Funding acquisition. 
eclaration of Competing Interest 
The authors have no conflict of interest to declare. 
cknowledgements 
The authors thank the Department for Business, Energy and Indus-
rial Strategy, UK , for funding part of this work under the MATTEAR
roject of the Nuclear Innovation Programme. The support of EPRI and
uclear-AMRC for weld sample fabrication and characterisation, and
he EPSRC Fellowship in Manufacturing (EP/L015013/1), are also ac-
nowledged. The authors are grateful to A. Wisbey at Wood plc and D.
andy at EPRI, for steering the project, and to N. Irvine at The Univer-
ity of Manchester for managing the project. The authors are also grate-
ul for the provision of beam time on the Kowari beam line at ANSTO
nd would like to thank A. Paradowska and M. Reid for assistance
ith the neutron diffraction measurements. The authors also acknowl-
dge use of equipment associated with the Advanced Metals Process-
ng theme of the Henry Royce Institute for Advanced Materials, funded
hrough EPSRC grants EP/R00661X/1 , EP/S019367/1 , EP/P025021/1
nd EP/P025498/1 . 
eferences 
[1] W ęglowski MS , B ł acha S , Phillips A . Electron beam welding – Techniques and trends
– Review. Vacuum 2016;130:72–92 . 
[2] Sanderson A , Punshon CS , Russell JD . Advanced welding processes for fusion reactor
fabrication. Fusion Eng Des 2000;49:77–87 . 
[3] Punshon CS . Reduced pressure electron beam welding in the power generation in-
dustry. Sixth international EPRI conference; 2004 . 
[4] Javadi Y , Smith MC , Abburi Venkata K , Naveed N , Forsey AN , Francis JA ,
Ainsworth RA , Truman CE , Smith DJ , Hosseinzadeh F , Gungor S , Bouchard PJ ,
Dey HC , Bhaduri AK , Mahadevan S . Residual stress measurement round robin on16 an electron beam welded joint between austenitic stainless steel 316L(N) and fer-
ritic steel P91. Int J Press Vessels Pip 2017;154:41–57 . 
[5] Smith MC , Vasileiou AN , Rathod DW , Francis J , Irvine N , Sun Y . A review of weld-
ing research within the new nuclear manufacturing (NNUMAN) programme. In: Pro-
ceedings of ASME 2017 Pressure Vessels and Piping Conference, Hawaii, USA; 2017 .
[6] Feng JC , Rathod DW , Roy MJ , Francis JA , Guo W , Irvine NM , Vasileiou AN , Sun YL ,
Smith MC , Li L . An evaluation of multipass narrow gap laser welding as a candi-
date process for the manufacture of nuclear pressure vessels. Int J Press Vessels Pip
2017;157:43–50 . 
[7] Shono S , Kawaguchi S , Sugino M , Nakajima N . Application of new welding technol-
ogy for the manufacturing of nuclear pressure vessels. In: Design & Analysis. Elsevier;
1989. p. 1279–86 . 
[8] Maurer W , Ernst W , Rauch R , Kapl S , Pohl A , KrÜssel T , Vallant R , Enzinger N .
Electron Beam Welding Of Atmcp Steel With 700 Mpa Yield Strength. Weld World
2012;56:85–94 . 
[9] Elliott S . Electron beam welding of C–Mn steels–toughness and fatigue properties.
Weld. J. 1984;63:8 . 
10] Zhang G , Yang X , He X , Li J , Hu H . Enhancement of mechanical properties and
failure mechanism of electron beam welded 300M ultrahigh strength steel joints.
Mater Des. 2013;45:56–66 . 
11] Obasi G , Pickering EJ , Vasileiou AN , Sun YL , Rathod D , Preuss M , Francis JA ,
Smith MC . Measurement and prediction of phase transformation kinetics in a nu-
clear steel during rapid thermal cycles. Metall Mater Trans A 2019;50:1715–31 . 
12] Yang Z , Liu Z , He X , Qiao S , Xie C . Effect of microstructure on the impact tough-
ness and temper embrittlement of SA508Gr.4N steel for advanced pressure vessel
materials. Sci Rep 2018;8:207 . 
13] Flint TF , Francis JA , Smith MC , Vasileiou AN . Semi-analytical solutions for the tran-
sient temperature fields induced by a moving heat source in an orthogonal domain.
Int J Therm Sci 2018;123:140–50 . 
14] Huang B , Chen X , Pang S , Hu R . A three-dimensional model of coupling dynamics
of keyhole and weld pool during electron beam welding. Int J Heat Mass Transf
2017;115:159–73 . 
15] Withers PJ , Bhadeshia HKDH . Residual stress. Part 2 – Nature and origins. Mater Sci
Technol 2001;17:366–75 . 
16] Hemmesi K , Mallet P , Farajian M . Numerical evaluation of surface welding residual
stress behavior under multiaxial mechanical loading and experimental validations.
Int J Mech Sci 2020;168:105127 . 
17] Salerno G , Bennett C , Sun W , Becker A , Palumbo N , Kelleher J , Zhang SY . On the
interaction between welding residual stresses: A numerical and experimental inves-
tigation. Int J Mech Sci 2018;144:654–67 . 
18] Ha J , Huh H . Failure characterization of laser welds under combined loading condi-
tions. Int J Mech Sci 2013;69:40–58 . 
19] Withers P . Residual stress and its role in failure, Reports on progress in physics
2007;70:2211 . 
20] Francis JA , Bhadeshia HKDH , Withers PJ . Welding residual stresses in ferritic power
plant steels. Mater Sci Technol 2007;23:1009–20 . 
21] Withers P , Turski M , Edwards L , Bouchard P , Buttle D . Recent advances in residual
stress measurement. Int J Press Vessels Pip 2008;85:118–27 . 
22] Rathod DW , Francis JA , Vasileiou AN , Roy MJ , English PD , Balakrishnan J ,
Smith MC , Irvine NM . Residual stresses in arc and electron-beam welds in 130 mm
thick SA508 steel: Part 1 - Manufacture. Int J Press Vessels Pip 2019;172:313–28 . 
23] Vasileiou AN , Smith MC , Francis JA , Rathod DW , Balakrishnan J , Irvine NM . Resid-
ual stresses in arc and electron-beam welds in 130 mm thick SA508 steel: Part 2
–measurements. Int J Press Vessels Pip 2019;172:379–90 . 
24] Balakrishnan J , Vasileiou AN , Francis JA , Smith MC , Roy MJ , Callaghan MD ,
Irvine NM . Residual stress distributions in arc, laser and electron-beam welds in
30 mm thick SA508 steel: A cross-process comparison. Int J Press Vessels Pip
2018;162:59–70 . 
25] Vasileiou AN , Smith MC , Balakrishnan J , Francis JA , Hamelin CJ . The impact of
transformation plasticity on the electron beam welding of thick-section ferritic steel
components. Nucl Eng Des 2017;323:309–16 . 
26] Hamelin CJ , Muránsky O , Smith MC , Holden TM , Luzin V , Bendeich PJ , Edwards L .
Validation of a numerical model used to predict phase distribution and residual stress
in ferritic steel weldments. Acta Mater 2014;75:1–19 . 
27] Dai H , Francis J , Stone H , Bhadeshia H , Withers P . Characterizing phase transfor-
mations and their effects on ferritic weld residual stresses with X-rays and neutrons.
Metall Mater Trans A 2008;39:3070–8 . 
28] Rong Y , Lei T , Xu J , Huang Y , Wang C . Residual stress modelling in laser welding
marine steel EH36 considering a thermodynamics-based solid phase transformation.
Int J Mech Sci 2018;146-147:180–90 . 
29] Cheon J , Na S-J . Prediction of welding residual stress with real-time phase transfor-
mation by CFD thermal analysis. Int J Mech Sci 2017;131-132:37–51 . 
30] Ni J , Wang X , Gong J , Wahab MA . A multi-phase model for transformation
plasticity using thermodynamics-based metallurgical algorithm. Int J Mech Sci
2018;148:135–48 . 
31] Rathod DW , Francis JA , Roy MJ , Obasi G , Irvine NM . Thermal cycle-dependent met-
allurgical variations and their effects on the through-thickness mechanical properties
in thick section narrow-gap welds. Mater Sci Eng 2017;707:399–411 . 
32] Wang Q , Liu XS , Wang P , Xiong X , Fang HY . Numerical simulation of residual stress
in 10Ni5CrMoV steel weldments. J Mater Process Technol 2017;240:77–86 . 
33] Lindgren L-E . Computational welding mechanics. Elsevier; 2014 . 
34] Bendeich PJ , Smith MC , Carr DG , Edwards L . Sensitivity of predicted weld residual
stresses in the NeT Task Group 1 single bead on plate benchmark problem to finite
element mesh design and heat source characteristics. In: ASME 2009 Pressure Vessels
and Piping Conference. American Society of Mechanical Engineers; 2009. p. 501–7 .

















































[  35] Flint TF , Francis JA , Smith MC , Balakrishnan J . Extension of the double-ellipsoidal
heat source model to narrow-groove and keyhole weld configurations. J Mater Pro-
cess Technol 2017;246:123–35 . 
36] Smith R . FEAT-WMT: Weld-modelling tool user guide. FeatPlus Limited; 2018 . 
37] Li MV , Niebuhr DV , Meekisho LL , Atteridge DG . A computational model for the
prediction of steel hardenability. Metall. Mater. Trans. B 1998;29:661–72 . 
38] Sun YL , Obasi G , Hamelin CJ , Vasileiou AN , Flint TF , Balakrishnan J , Smith MC ,
Francis JA . Effects of dilution on alloy content and microstructure in multi-pass
steel welds. J Mater Process Technol 2019;265:71–86 . 
39] Sun YL , Obasi G , Hamelin CJ , Vasileiou AN , Flint TF , Francis JA , Smith MC . Char-
acterisation and modelling of tempering during multi-pass welding. J Mater Process
Technol 2019;270:118–31 . 
40] Sun YL , Hamelin CJ , Flint TF , Vasileiou AN , Francis JA , Smith MC . Prediction of
dilution and its impact on the metallurgical and mechanical behavior of a multipass
steel weldment. J Pressure Vessel Technol 2019:141 . 
41] Leblond JB , Devaux J . A new kinetic model for anisothermal metallurgical
transformations in steels including effect of austenite grain size. Acta Metall
1984;32:137–46 . 
42] Sun YL , Hamelin CJ , Flint TF , Xiong Q , Vasileiou AN , Pantelis I , Francis JA ,
Smith MC . Multi-pass ferritic steel weld modelling: Phase transformation and resid-
ual stress. In: Sommitsch C, Enzinger N, Mayr P, editors. Mathematical modelling of
weld phenomena, 12. Verlag der Technischen Universität Graz; 2019. p. 149–66 . 
43] Pous-Romero H , Lonardelli I , Cogswell D , Bhadeshia HKDH . Austenite grain growth
in a nuclear pressure vessel steel. Mater. Sci. Eng. 2013;567:72–9 . 
44] Kirkaldy J , Venugopalan D . Prediction of microstructure and hardenability in low-al-
loy steels. Phase Transf Ferr Alloys 1983:125–48 . 
45] Koistinen DP , Marburger RE . A general equation prescribing the extent of the austen-
ite-martensite transformation in pure iron-carbon alloys and plain carbon steels.
Acta Metall 1959;7:59–60 . 
46] O’Meara N , Abdolvand H , Francis JA , Smith SD , Withers PJ . Quantifying the met-
allurgical response of a nuclear steel to welding thermal cycles. Mater Sci Technol
2016;32:1517–4532 . 
47] Pickering EJ , Collins J , Stark A , Connor LD , Kiely AA , Stone HJ . In situ obser-
vations of continuous cooling transformations in low alloy steels. Mater Charact
2020;165:110355 . 
48] Nagayama K , Terasaki T , Tanaka K , Fischer FD , Antretter T , Cailletaud G , Azzouz F .
Mechanical properties of a Cr–Ni–Mo–Al–Ti maraging steel in the process of marten-
sitic transformation. Mater Sci Eng 2001;308:25–37 . 
49] J. Priest, EBW of SA508 Grade 4N 30mm Plates (Report NO. NIN441-RP01-01), in,
Nuclear-AMRC, 2016. 17 50] Pirondi A , Bonora N , Steglich D , Brocks W , Hellmann D . Simulation of failure under
cyclic plastic loading by damage models. Int J Plast 2006;22:2146–70 . 
51] Smith MC , Sun YL , Akrivos V , Vasileiou AN , Pickering EJ , Irvine NM , Carruthers A ,
Collins J . In: Electron beam welding in SA608 Grade 4N and Grade 3 Class 1 thick–
section steels; 2019. p. 194 . 
52] Smith M , Bouchard P , Turski M , Edwards L , Dennis R . Accurate prediction of residual
stress in stainless steel welds. Comput Mater Sci 2012;54:312–28 . 
53] Muránsky O , Hamelin C , Smith M , Bendeich P , Edwards L . The effect of plasticity
theory on predicted residual stress fields in numerical weld analyses. Comput Mater
Sci 2012;54:125–34 . 
54] Leblond J-B , Mottet G , Devaux J , Devaux J-C . Mathematical models of anisothermal
phase transformations in steels, and predicted plastic behaviour. Mater Sci Technol
1985;1:815–22 . 
55] EDF Energy, R6: Assessment of the integrity of structures containing defects, in:
Revision 4, with amendments to Amendment 11, Gloucester, (2015). 
56] Bate S , Smith M . Determination of residual stresses in welded components by finite
element analysis. Mater Sci Technol 2016;32:1505–16 . 
57] Maynier P , Dollet J , Bastien P . Creusot-Loire system for the prediction of the me-
chanical properties of low alloy steel products. In: Doane DV, Kirkaldy JS, editors.
Hardenability concepts with applications to steels. ,: The Metallurgical Society of
AIME; 1978. p. 518–45 . 
58] Price JWH , Ziara-Paradowska A , Joshi S , Finlayson T , Semetay C , Nied H . Compar-
ison of experimental and theoretical residual stresses in welds: the issue of gauge
volume. Int J Mech Sci 2008;50:513–21 . 
59] Smith DJ , Zheng G , Hurrell PR , Gill CM , Pellereau BME , Ayres K , Goudar D ,
Kingston E . Measured and predicted residual stresses in thick section electron beam
welded steels. Int J Press Vessels Pip 2014;120-121:66–79 . 
60] Deng D , Murakawa H . Influence of transformation induced plasticity on simulated
results of welding residual stress in low temperature transformation steel. Comput
Mater Sci 2013;78:55–62 . 
61] Ooi SW , Garnham JE , Ramjaun TI . Review: low transformation temperature weld
filler for tensile residual stress reduction. Mater Des 2014;56:773–81 . 
62] Taljat B , Radhakrishnan B , Zacharia T . Numerical analysis of GTA welding pro-
cess with emphasis on post-solidification phase transformation effects on residual
stresses. Mater Sci Eng 1998;246:45–54 . 
63] James MN . Residual stress influences on structural reliability. Eng Fail Anal
2011;18:1909–20 . 
64] Bouchard PJ . Code characterisation of weld residual stress levels and the problem
of innate scatter. Int J Press Vessels Pip 2008;85:152–65 . 
